Multiple sclerosis (MS) is known as the most common demyelinating disease worldwide in which previous studies have shown that stress is a risk factor for the disease's onset and progression. Nevertheless, further studies are needed to investigate the consequences of stress in MS pathology. In this study, after 5 days of exposure to psychological and physical stress as a repetitive distress modality, rats were treated with cuprizone. The demyelination degree was compared in animal groups using Luxol fast blue staining, immunohistochemical staining for myelin basic protein and transmission electron microscopy. Outcomes revealed that animals exposed to stress prior to cuprizone ingestion, elicit more intense demyelination. Continuous psychological distress has more severe effects on myelin sheath destruction in the preclinical stage.
INTRODUCTION
Multiple sclerosis (MS) is considered as the main demyelinating disease of the central nervous system (CNS) 1 and is mostly accepted as a chronic, inflammatory disorder with more prevalence in women. 2 Pathologically, inflammation and demyelination are known as two important hallmarks of MS which ultimately lead to axon degeneration and plaque formation. 3 Since the etiology of MS is not yet identified -similar to other multifactorial disorders -the role of several genetic 4 and environmental 5 predisposing factors have been investigated so far. Stress, which is described through homeostasis alteration, 6 is one of these environmental factors which may play a crucial role in the onset and acceleration of relapses. 7 Dayas et al. have suggested that at least two major categories of stressor are recognized by the brain. 8 Physical stressors are defined as stimulating stress responses during exposure to cold, heat, intense radiation, noise, vibration, and so on, while psychological ones intensely impact emotional processes and lead to behavioral changes including anxiety, fear, or frustration. 9 Noticeably, physical and psychological stressors differentially affect physiological responses. 9, 10 Considering the increasingly stressful lifestyles and the frequency of dayto-day emotional disturbance in modern societies, these findings drew our attention to studying the impact of continuous stress on demyelination extremity. There are several confirmations that imply the outstanding correlation between stress and neuropsychiatric disease generally 11, 12 and MS in particular. 7 On the other hand, numerous studies have focused on the effects of stress on the acuteness of demyelination in animal models as an approach to examine the role of environmental factors in disease progression. [13] [14] [15] Yet, impacts of recurring psychological stress compared to physical stress on demyelination of female rats in a cuprizone-induced model has remained unexplored. Accordingly, the purpose of this study is to emphasize the consequence of repetitive stress on the severity of myelin degradation, specifically, psychological stressors when making a comparison among other stress modalities in the preclinical stage.
MATERIALS AND METHODS

Animals
A total of 32 female Wistar rats (treatments started at 6 weeks of age, 100-120 g) were used in this study. Animals were obtained from Institute of Biochemistry and Biophysics, Tehran, Iran and were housed in an animal facility under a temperature-controlled conditions (22 AE 2 C) and a constant light cycle (12 h light; 08:00-20:00 hours). Three weeks prior to experiments, rats were randomly divided into four groups (eight rats in each group) as follows: (i) the control group in which rats received no treatments and were fed normal chow; (ii) the psychological stress group in which rats were exposed to psychological stress prior to cuprizone treatment; (iii) the physical stress group in which rats were exposed to physical stress prior to cuprizone treatment; and (iv) the nonstress cuprizone group in which rats were fed with cuprizone without any special stress experience. Rats were given ad libitum access to food and water throughout the experimental period, and all procedures were approved by the ECPII (Ethical Committee of the Pasteur Institute of Iran). Efforts were made to minimize suffering and the number of the rats used.
Stress induction
In order to set up the stress situations, we performed an experiment which included physical factors as the stressor (electric shock) versus an experiment excluding the physical factors (witnessing the event and receiving the physically stressed ones' emotional responses). Accordingly, a two-compartment acrylic glass box (30 cm × 25 cm × 30 cm) divided internally by a transparent perforated wall and a grid floor (stainless steel rods) was applied to induce stress experimentally as previously reported. 16, 17 Briefly, the floor of one chamber was covered by an insulating plate in order to prevent electric shock transmission to the secure compartment. Thus, rats in the secure compartment did not receive electric shocks and were just exposed to the stressful behaviors of shock-induced rats, such as vocalizing, jumping and flinching. Rats of each group (psychological and physical stresses) were placed individually in their respective chambers for 5 min. After the habituation period, the electric shocks were stimulated by a generator through the grid floor (0.25 mA, 50 Hz, 2 s duration, 10 min: 10 shocks). Experiments were performed between 09:00 and 12:00 hours for 5 days in order to induce a consecutive pattern of stress. 18 The animals of the control and non-stress cuprizone group received neither physical nor psychological stress. After each experiment, the two-compartment box was cleaned with 70% ethanol, and rats were returned to their cages.
Determination of the estrous cycle
To regulate and synchronize the estrous cycle in female rats, a mature male rat was housed in a smaller cage within female cages without the possibility of mating since male urinary pheromones are known to affect female estrous cycle. 19 As described by Marcondes et al., vaginal secretion was collected and placed on a slide and observed immediately with a light microscope. 20 Vaginal smear in order to determine the stage of the estrous cycle of female rats was examined prior to the experiments.
Measurement of serum corticosterone
Serum was assayed for corticosterone level as a response to stress on the fifth day of exposure between 12:00-15:00 hours using the rat corticosterone enzyme-linked immunosorbent assay (ELISA) kit (DRG International, USA; Cat. No. EIA-5186, Springfield, New Jersey). Rat blood samples were obtained from the tail; sera were separated by centrifugation and stored at −80 C until the ELISA was carried out according to the manufacturer's protocol.
Cuprizone administration
Animals in the physical stress group, psychological stress group and non-stress cuprizone group at age of 7 weeks were fed 0.6% (w/w) cuprizone (Merck KGaA, Darmstadt, Germany) mixed in the powdered standard chow for a total of 6 weeks. Rats in the control group were kept under normal diet during this time. All animals were weighed before and weekly during administration and in the case of cuprizone-induced weight loss (about 10% of total body weight), it was halted for a day.
Tissue processing
Animals were anesthetized with ether and perfused with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde in 0.2 mol/L phosphate buffer (pH 7.4).
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Brains were removed completely and according to the rat brain atlas by Paxinos and Watson, 22 serial paraffin sections between bregma 1.44 and bregma −0.72 were prepared and subjected to Luxol fast blue (LFB) staining and immunohistochemistry (IHC) investigations. The fragments of the middle part of the corpus callosum were analyzed by transmission electron microscopy (TEM).
Luxol fast blue (LFB) staining
Coronal sections of the removed brains were fixed in 10% paraffin. Dehydration through graded alcohol and xylene was performed and 4 μm thick tissue sections were subsequently prepared by a microtome (Sakura, Tokyo, Japan Immunoreaction products were visualized by the polymerimmunocomplex method using EnVision System (Dako, Carpinteria, CA, USA). Sections were deparaffinized and transferred to decreasing concentrations of ethanol from 100% to 50%. Followed by a 15 min heating, sections were incubated in 3% H 2 O 2 in methanol in the dark for 10 min and then rinsed in Trisbuffered saline (TBS). The diluted primary antibody was applied and slides were incubated at room temperature for 30 min. Followed by washing the slides in TBS buffer, secondary anti-mouse antibody-coated polymer peroxidase complex was used at room temperature for 30 min. Additional washes with TBS buffer were performed; then secondary antibody was visualized by treatment with a substrate / chromogenic solution and 30 min incubation at room temperature. Finally, slides were washed with TBS, rinsed in running tap water and dehydrated through four times of alcohol. The total number of three rats per group (three sections for each rat) were studied by the B-383PL OPTIKA light microscope. MBP stained sections were scored as previously described for LFB staining.
Transmission electron microscopy (TEM)
Demyelination of the middle part of the corpus callosum was studied at the ultrastructural level by TEM. The brain segments were fixed in 2.5% glutaraldehyde at 4 C for 1.5 h and after a rinse in 0.1 M sodium cacodylate buffer, tissues were postfixed in 1% osmium tetroxide. Following a sodium cacodylate buffer rinse, samples dehydrated in a graded series of ethanol, infiltrated with propylene oxide, embedded in resin and finally were baked at 60 C for 48 h. Ultrathin sections of the corpus callosum were prepared using an ultramicrotome. Three hundred mesh copper grids were stained with 2% uranyl acetate and 1% lead citrate and examined with a Zeiss EM 900 transmission electron microscope at 50 kV. Eight random images were captured with an Atik 383L camera from samples of each group. Contrast uniformity was adjusted with Adobe Photoshop. In order to quantify demyelination degree, the sum total of myelinated and demyelinated axons in the middle of the corpus callosum was counted, averaged from eight micrographs subsequently and then mean of four rats calculated for each group and data represented as the percentage of myelinated axons. 24 In addition, ImageJ software was applied to calculate g-ratios (axon diameter divided by fiber diameter). Fifty to hundred myelinated fibers were measured per rat (n = 4 per group) to calculate the mean g-ratio per rat.
Statistical analysis
Statistical analysis was performed using the GraphPad InStat 3 software (GraphPad InStat Software, San Diego, CA, USA) or Origin (OriginLab, Northampton, MA, USA). Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparisons test and Kruskal-Wallis for nonparametric tests.
A P-value of < 0.05 was considered to be significant. Error bars indicate SEM in all the figures.
RESULTS
Corticosterone measurements
The impact of stress on the corticosterone level is illustrated in Figure 1 . Serum concentration of corticosterone in stress-exposed animals was significantly increased (P < 0.01) compared to the control group. The data indicated relevant effects of physical (2618.0 AE 338.83 ng/mL) as well as psychological (2537.4 AE 131.78 ng/mL) stressor on animals. However, the analysis determined no important difference in serum concentration of corticosterone between two stress groups. Fig. 1 Serum levels of corticosterone (ng/mL); n = 7 per group, mean AE SEM, **P < 0.01 (ANOVA).
LFB staining
Sections of the brain were subjected to LFB staining in order to diagnose demyelination intensity. As shown in Figure 2 , corpus callosum LFB staining exhibited a normal pattern of myelination in the control group, whereas cuprizone-fed animals revealed the characteristics of demyelination as loss of white matter compactness. Significant demyelination as a result of cuprizone feeding was observed in the non-stress cuprizone group (P < 0.01, Kruskal-Wallis test). Surprisingly, rats exposed to psychological stress prior to cuprizone induction represented more severe demyelination as compared to rats with cuprizone treatment exclusively (P < 0.001, Kruskal-Wallis test).
Immunohistochemical observations
Further investigation was performed by immunohistochemical staining. Brain sections were subjected to myelin protein for MBP staining to study the extent of demyelination in the corpus callosum. As indicated in Figure 3 , loss of myelin was obvious in cuprizone-treated animals. Score analysis illustrated intensive myelin disintegration in the non-stress cuprizone group (P < 0.01, Kruskal-Wallis test), although a significant demyelination after exposure to psychological stress was evident (P < 0.001, Kruskal-Wallis test).
Ultrastructural observations on TEM
Electron microscopy examination of the middle part of the corpus callosum was performed to determine the degree of demyelination. Figure 4A -D indicate the TEM micrographs, Figure 4E shows the percentage of myelinated axons and Figure 4F represents g-ratio measurements in subject groups. Rats fed cuprizone alone without any exposure to special stress indicated decreases in the number of myelinated axons in addition to the destruction of the myelin sheath around it after 6 weeks (56.51% reduction in comparison with the control group, P < 0.001; gratio: 0.767 AE 0.009). Importantly, findings suggest that cuprizone-induced demyelination in rats exposed to stress prior to cuprizone treatment is more severe. The results show 64.56% reduction of myelinated axons in the physical stress group (P < 0.001) and 72.04% reduction in the psychological stress group (P < 0.001) compared to the control group along with significantly higher g-ratio measurements (0.815 AE 0.012 for the physical stress group and 0.862 AE 0.010 for the psychological stress group). Furthermore, both stress groups illustrated fewer myelinated axons (P < 0.05 for physical stress group and P < 0.001 for psychological stress group) in addition to significantly increased g-ratio when compared to the non-stress cuprizone group. It is also notable that cuprizone-fed rats followed by a psychological stress demonstrated a greater extent of demyelination in comparison with rats in the physical stress group (P < 0.05).
DISCUSSION
MS is known as a progressive neurodegenerative disease that generally exerts influence on female young adults around the world. It is argued that the disease incidence is strongly affected by genetic and environmental factors. Meanwhile, stress, which notably is defined as being confronted by conditions that exceed the capacity of individual compliance, 25 has long been considered as an important environmental risk factor affecting disease activity. Several studies have investigated the psychological stress occurrence in patients' histories via self-reports, 26 despite definition diversities and different ways of measuring this type of stress. Further, various researches have made efforts via experimental models to study the impact of different stressors. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] However, documentation based on the impacts of consecutive psychological stressors on exacerbation of MS lesions in comparison with other types of stress still remain limited. Therefore, we conducted an experiment to note the dissimilarity of demyelination severity due to different types of stressors in cuprizone-fed animals. It is worth mentioning that elimination of the psychic effect of physical stress is difficult as both physical and psychological stress are both taking part in the electric shock model, yet in psychological stress type, emotional impacts are of much greater importance than in the physical one. Female rats were used to investigate the effects of stress due to their more basic physiological similarities taking into account that MS is more common in women. Subsequent to stress exposure, serum corticosterone level was measured as an indicator of stress induction. As a side note, glucocorticoids secretion intertwine with the endocrine regulation of appetite. Although the alterations in food intake after chronic exposure to stressors is variable, 28 it is strongly associated with the stressor intensity. 29 Glucocorticoid secretion is supposed to be a function of the intensity of the stressors. 29 Considering the role of corticosterone release in relation to food intake, 30 our results of serum corticosterone levels illustrated no significant difference between our two stressors (as shown in Fig. 1 ). Thus the intensity of physical and psychological stress was assumed to be the same and consequently the volume of food intake was not considered to be influenced by the type of stressors in our study. After 6 weeks of cuprizone administration in order to induce demyelination, LFB staining and IHC staining for MBP as well as TEM were used in order to determine the intensity of demyelination in the corpus callosum. As expected, results of the cuprizone-fed animals illustrate significant myelin loss as well as myelin basic protein depletion in comparison with non-cuprizone fed ones. Of particular concern, is severe demyelination in animals of both stress groups, when compared to the non-stress cuprizone group. Notably, our results elicit more remarkable myelin degradation due to psychological stress exposure than a physical one prior to cuprizone ingestion. There is accumulating evidence that continued or repeated activation of physiological systems resulting from stress, play an important roles in increasing the risk of disorders. The sympathetic-adrenal-medullary system (SAM) and hypothalamic pituitary adrenocortical axis (HPA) are two systems which respond to stressors via fast and slow reactions, respectively. The immoderate alteration or amplification in the hormonal activity of these introduced systems dysregulates organism functions culminating in diseases. 25 On a side note, it has been suggested that physical stressors cause an astonishing rise in brain noradrenaline, while psychological stressors cause not only mild augmentation in noradrenalin turnover, but also merely in certain regions of the brain, such as the hypothalamus and amygdala. [16] [17] [18] Moreover, it has been hypothesized that adaptation to the repeated psychological stress may be more improbable than with physical stress. 18 Thus, it is no surprise that there are distinct physiological reactions to different stressors because of their various effects on the central corticotropin-releasing factor and other biochemical substances in addition to different regions involved in the brain. Therefore, it is supposed that psychological stress contributes to the oxidative stress response in the brain through the HPA axis, an increase in dopamine release and higher activity of the glutamatergic receptors. 31 Increased level of cytokines, including tumor necrosis factor-α (TNF-α) as a result of evoked HPA, autoxidation of spare dopamine beside ionotropic receptors activation by glutamate, are conducive to cumulating reactive oxygen species (ROS), the stimulator of the oxidative stress pathway and also endoplasmic reticulum (ER) stress. 31 On the other hand, it is well described that oligodendrocyte apoptosis through cuprizone intoxication is attributable to ROS increase which in turn leads to ER interruption and inevitably, ER stress-related mechanisms. Lastly, oxidative stress accompanying ER stress, cause myelin sheath decomposition due to protein and lipid synthesis disturbance in addition to adenosine triphosphate reduction as a result of the mitochondrial impairment. 32 Accordingly, it seems that repetitive psychological stress, in part, enhances oligodendrocytes apoptosis in the cuprizone-induced model of MS more than the physical one, via the deterioration process mentioned.
In conclusion, although our results do not allow us to suggest the molecular pathway for psychological stress actions and future research is needed to elucidate the exact mechanisms along with the role of inflammation, it emphasizes the severity of myelin degradation as a consequence of psychological stress in the preclinical stage.
